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Abstract 



We consider a class of well motivated supersymmetric models of F-term hybrid 
inflation (FHI) which can be linked to the supersymmetric grand unification. The pre- 
dicted scalar spectral index Us cannot be smaller than 0.97 and can exceed unity includ- 
ing corrections from minimal supergravity, if the number of e-foldings corresponding 
to the pivot scale fc* = 0.002/Mpc is around 50. These results are marginally consis- 
tent with the fitting of the three-year Wilkinson microwave anisotropy probe data by 
the standard power-law cosmological model with cold dark matter and a cosmological 
constant. However, can be reduced by applying two mechanisms: (i) The utilization 
of a quasi-canonical Kahler potential with a convenient choice of a sign and (ii) the 
restriction of the number of e-foldings that fc, suffered during FHI. In the case (i), we 
investigate the possible reduction of rig without generating maxima and minima of the 
potential on the inflationary path. In the case (ii), the additional e-foldings required for 
solving the horizon and flatness problems can be generated by a subsequent stage of 
fast-roll [slow-roll] modular inflation realized by a string modulus which does [does 
not] acquire effective mass before the onset of modular inflation. 
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1 Introduction 

A plethora of precise cosmological observations on the cosmic microwave background ra- 
diation (CMB) and the large-scale structure in the universe has strongly favored the idea 
of inflation [1] (for reviews see e.g. Refs. EUSlffl). We focus on a set of well-motivated, 
popular and quite natural models [5J of supersymmetric (SUSY) F-term hybrid inflation 
(FHI) [6], realized ||7l at (or very close to) the SUSY grand unified theory (GUT) scale 
Mgut = 2.86 X 10^^ GeV. Namely, we consider the standard Q, shifted (H and smooth 
121 FHI. In the context of global SUSY (and under the assumption that the problems of the 
standard big bag cosmology (SBB) are resolved exclusively by FHI), these models predict 
scalar spectral index, rig, extremely close to unity and without much running, a^. Moreover, 
corrections induced by minimal supergravity (mSUGRA) drive ITOl rig closer to unity or 
even upper than it. 

These predictions are marginally consistent with the fitting of the three-year Wilkinson 
microwave anisotropy probe (WMAP3) results by the standard power-law cosmological 
model with cold dark matter and a cosmological constant (ACDM). Indeed, one obtains 
ifTTi that, at the pivot scale = 0.002/Mpc, rig is to satisfy the following rather narrow 
range of values: 

ns = 0.958 ± 0.016 ^ 0.926 < < 0.99 (1) 

at 95% confidence level with negligible Cg. 

A possible resolution of the tension between FHI and the data is suggested in Ref. | fT2| . 
There, it is argued that values of rig between 0.98 and 1 can be made to be compatible with 
the data by taking into account a sub-dominant contribution to the curvature perturbation 
in the universe due to cosmic strings which may be (but are not necessarily [13]) formed 
during the phase transition at the end of FHI. However, in such a case, the GUT scale is 
constrained to values well below Mqut lfT4l[T5l[T6l . In the following, we reconsider two 
other resolutions of the problem above without the existence of cosmic strings: 

(i) FHI within quasi-canonical SUGRA (qSUGRA). In this scenario, we invoke |[T6l 
[TtI a departure from mSUGRA, utilizing a quasi-canonical (we use the term coined 
originally in Ref. [18]) Kahler potential with a convenient arrangement of the sign 
of the next-to-minimal term. This yields a negative mass term for the inflaton in the 
inflationary potential which can lead to acceptable rig's. In a sizable portion of the 
region in Eq. ([Hi a local minimum and maximum appear in the inflationary trajectory, 
thereby jeopardizing the attainment of FHI. In that case, we are obliged to assume 
suitable initial conditions, so that hilltop inflation [19] takes place as the inflaton rolls 
from the maximum down to smaller values. Therefore, rig can become consistent 
with Eq. (O but only at the cost of a mild tuning [16] of the initial conditions. On the 
other hand, we can show [20j,21J that acceptable rig's can be obtained even without 
this minimum-maximum problem. 

(ii) FHI followed by modular inflation (MI). It is recently proposed |l22l that a two-step 
inflationary set-up can allow acceptable ng's in the context of FHI models even with 
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canonical Kahler potential. The idea is to constrain the number of e-foldings that k^: 
suffers during FHI to relatively small values, which reduces to acceptable values. 
The additional number of e-foldings required for solving the horizon and flatness 
problems of SBB can be obtained by a second stage of inflation (named ||22]| com- 
plementary inflation) implemented at a lower scale. We can show that MI 1231 (for 
another possibility see Ref. [24]), realized by a string modulus, can play successfully 
the role of complementary inflation. A key issue of this set-up is the evolution of 
the modulus before the onset of MI Il25ll26l . We single out two cases according to 
whether or not the modulus acquires effective mass before the commencement of MI. 
We show that, in the first case, MI is of the slow-roll type and a very mild tuning of 
the initial value of the modulus is needed in order to obtain solution compatible with 
a number of constraints. In the second case, the initial value of the modulus can 
be predicted due to its evolution before MI, and MI turns out to be of the fast-roll 
ll27ll type. However, in our minimal set-up, an upper bound on the total number of 
e-foldings obtained during FHI emerges, which signalizes a new disturbing tuning. 
Possible ways out of this situation are also proposed. 

In this presentation we reexamine the above ideas for the reduction of rig within FHI, 
implementing the following improvements: 

• In the case (i) we delineate the parametric space of the FHI models with acceptable 
ris's maintaining the monotonicity of the inflationary potential and derive analytical 
expressions which approach fairly our numerical results. 

• In the case (ii) we incorporate the nucleosynthesis (NS) constraint and we analyze 
the situation in which the inflaton of MI acquires mass before the onset of MI, under 
some simplified assumptions l,28il . 

The text is organized as follows: In Sec. [2l we review the basic FHI models and in the 
following we present the two methods for the reduction of Us using qSUGRA (Sec. [S]) or 
constructing a two-step inflationary scenario (Sec. lU. Our conclusions are summarized in 
Sec.m 



2 The FHI Models 

We outUne the salient features (the superpotential in Sec l2.1[ the SUSY potential in Sec. 12.21 
and the inflationary potential in Sec. 12.31 ) of the basic types of FHI and we present their 
predictions in Sec. 12.61 calculating a number of observable quantities introduced in Sec. |2.4[ 
within the standard cosmological set-up described in Sec. l2.5l 
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2.1 The Relevant Superpotential 

The F-term hybrid inflation can be reaUzed 151 adopting one of the superpotentials below: 

' kS - M^) for standard FHI, 

W=\KS{m- M2) - for shifted FHI, ^^^^^ ^2) 

S (^^^ - fifj for smooth FHI, 

• is a left handed superfield, singlet under a GUT gauge group G, 

• $ is a pair of left handed superfields belonging to non-trivial conjugate represen- 
tations of G, and reducing its rank by their vacuum expectation values (v.e.vs), 

• Ms ~ 5 X 10^^ GeV is an effective cutoff scale comparable with the string scale, 

• K and M, /xs (~ Mgut) are parameters which can be made positive by field redefi- 
nitions. 

The superpotential in Eq. Q for standard FHI is the most general renormalizable su- 
perpotential consistent with a continuous R-symmetry Q under which 

5 ^ e^"5, ^i^,W ^ e^°W. (3) 

Including in this superpotential the leading non-renormalizable term, one obtains the super- 
potential of shifted |8| FHI in Eq. Finally, the superpotential of smooth |9| FHI can be 
produced if we impose an extra Z2 symmetry under which $ — > — $ and, therefore, only 
even powers of the combination can be allowed. 

2.2 The SUSY Potential 

The SUSY potential, FsusY, extracted (see e.g. ref. 13) from W in Eq. (O includes F and 
D-term contributions. Namely, 

VsusY = + ^D, where 

• The F-term contribution can be written as: 

{K^M^ ((02 - if + 25^02) for standard FHI, 

K^M^ ((02 _i_^04)2_^2S202(i_ 2^02)2^ for sMftcd FHI, (4) 
^4 (^(1 _ 04^)2 _^ 165206^ foj. smooth FHI, 

where the scalar components of the superfields are denoted by the same symbols as 
the corresponding superfields and 

f = |0|/M and S = l^l/M for standard or shifted FHI, 

10 = |0|/2VAfsMs and S = |5|/V2/UsMs for smooth FHI, 
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with ^ = M'^/kMs and 1/7.2 < ^ < 1/4 HI. 

In Figs. [U [2] and [3] we present the three dimensional plot of Vp versus ±0 and S for 
standard, shifted and smooth FHI, respectively. The inflationary trajectories are also 
depicted by bold points, whereas the critical points by red/light points. 

• The D-term contribution Vd vanishes for |$| = |$|. 

Using the derived VsusY» we can understand that W in Eq. Q plays a twofold crucial 
role: 



It leads to the spontaneous breaking of G. Indeed, the vanishing of Vp gives the v.e.vs 
of the fields in the SUSY vacuum. Namely, 



(5)=0 and \{^)\ = \{.^)\=v. 



( M 



for standard FHI, 
for shifted FHI, 
for smooth FHI 



(5) 



(in the case where <§, $ are not Standard Model (SM) singlets, (<I>) stand for the 
v.e.vs of their SM singlet directions). The non-zero value of the v.e.v signalizes 
the spontaneous breaking of G. 



It gives also rise to FHI. This is due to the fact that, for large enough values of \S\, 
there exist valleys of local minima of the classical potential with constant (or almost 
constant in the case of smooth FHI) values ofVp. In particular, we can observe that 
Vp = est along the following F-flat direction(s): 



= for standard FHI, 

= Or = ^1/2^ for shifted FHI, 
= Or = 1/2^65 for smooth FHI. 



From Figs. [T]l3]we deduce that the flat direction = corresponds to a minimum of 
Vp, for IS"! M, in the cases of standard and shifted FHI and to a maximum of Vf in the 
case of smooth FHI. Since FHI can be attained along a minimum of Vp we infer that, during 
standard FHI, the GUT gauge group G is necessarily restored. As a consequence, topolog- 
ical defects such as strings lfT4l[T5l lT6l. monopoles, or domain walls may be produced fOl 
via the Kibble mechanism QUI during the spontaneous breaking of G at the end of FHI. 
This can be avoided in the other two cases, since the form of Vp allows for non-trivial infla- 
tionary valleys along which G is spontaneously broken (since the waterfall fields and 
can acquire non-zero values during FHI). Therefore, no topological defects are produced in 
these cases. In Tabled] we shortly summarize comparatively the key features of the various 
versions of FHI. 
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Figure 1: The three dimensional plot of the (dimensionless) F-term potential Vf/k^M'^ for standard FHI 
versus S — \S\ /M and ± = ± | $ | /M. The inflationary trajectory is also depicted by black points whereas 
the critical point by a red/light point. 




Figure 2: The three dimensional plot of the (dimensionless) F-term potential Vf/k^M"^ for shifted FHI 
versus S = \S\/M and ± <t> — ±|$|/Af for^ = 1/6. The (shifted) inflationary trajectory is also depicted 
by black points whereas the critical points (of the shifted and standard trajectories) are depicted by red/light 
points. 
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-1 



Figure 3: The three dimensional plot of the (dimensionless) F-term potential Vf / /is for smooth FHI versus 
S = |S|/v/2/isMs and ± = ±|<I>|/2^/isMs. The inflationary trajectory is also depicted by black points. 

2.3 The Inflationary Potential 

The general form of the potential which can drive the various versions of FHI reads 



• Vmo is the dominant (constant) contribution to Vm, which can be written as follows: 



with = M^Xj^i - 1. 

• ^Hic is the contribution to Vhi which generates a slope along the inflationary valley 
for driving the inflaton towards the vacua. In the cases of standard |7| and shifted 
m FHI, this slope can be generated by the SUSY breaking on this valley. Indeed, 
^Hio > breaks SUSY and gives rise to logarithmic radiative corrections to the 
potential originating from a mass splitting in the <I> — $ supermultiplets. On the 
other hand, in the case of smooth |9| FHI, the inflationary valleys are not classically 
flat and, thus, there is no need of radiative corrections. Introducing the canonically 
normalized inflaton field a = v^lS*!, Vhic can be written as follows: 



= Vhio + Vhic + Vhis + 14iit, where: 



(6) 




;2m4 for standard FHI 
;2m| for shifted FHI, 
for smooth FHI, 



(V) 
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Types of FHI 


Standard 


Shifted 


Smooth 


The CD = 


Minimum 


Minimum 


Maximum 


F-flat direction is: 


for |5| > Af 


for \S\ > M 




Critical point along 


Yes 


Yes 


No 


tiie inflationary patii? 


(dc = V2M) 






Classical flatness of 


Yes 


Yes 


No 


the inflationary path? 








Topological defects? 


Yes 


No 


No 



Table 1: Differences and similarities of the various types of FHI. 



Vaic 



K.^Mf ( , k2 M2 

-2^6^1/27(7^ 



for standard FHI, 

for shifted FHI, 
for smooth FHI, 



(8) 



with/c(j;) = (j; + l)2ln(l + l/j;) + (x-l)2ln(l-l/x) ^ fc{x) ~ 3 for x > 1, 

/2M2 and = a'^/M^. Also N is the dimensionality of the representations 
to which l> and $ belong and Q is a renormalization scale. Although, in some parts 
(see Sec. 14.31 ) of our work, rather large k's are used for standard and shifted FHI, 
renormalization group effects Bll remain negligible. 

In our numerical applications in Sees. 12.61 13.31 and 14.31 we take N = 2 for stan- 
dard FHI. This corresponds to the left-right symmetric GUT gauge group SU{3)c x 
SU{2)l X SU{2)r X U{1)b-l with l> and ^> belonging to SU{2)r doublets with 
B — L = —1 and 1 respectively. It is known ifTTll that no cosmic strings are produced 
during this realization of standard FHI. As a consequence, we are not obliged to im- 
pose extra restrictions on the parameters (as e.g. in Refs. |[T5l[T4l ). Let us mention, 
in passing, that, in the case of shifted |8] FHI, the GUT gauge group is the Pati-Salam 
group 5'C/(4)c X SU{2)l x 5?7(2)r. Needless to say that the case of smooth FHI 
is independent on the adopted GUT since the inclination of the inflationary path is 
generated at the classical level and the addition of any radiative correction is expected 
to be subdominant. 

^His is the SUGRA correction to Vm- This emerges if we substitute a specific choice 
for the Kahler potential K into the SUGRA scalar potential which (without the D- 
terms) is given by 



^SUGRA = e 



K/ml 



{Fi)*K' ^Fj - 3 



\W\ 



mi 



21 



(9) 
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where Fi = Wi + KiW/rrip, a subscript i [i*] denotes derivation with respect to 
(w.r.t) the complex scalar field cp^ *] and K"^*^ is the inverse of the matrix Kji*. 
The most elegant, restrictive and highly predictive version of FHI can be obtained, 
assuming minimal Kahler potential lUlIOl, Ky^ = jS'p. In such a case Vhis becomes 

4 

VuiSra = Vmo^, (10) 

where mp ~ 2.44 x 10^^ GeV is the reduced Planck scale. We can observe that in 
this case, no other free parameter is added to the initial set of the free parameters of 
each model (see Sec. |2.6b . 

• VuiT is the most important contribution to Vhi from the soft SUSY effects lfT4l[T6l[32]| 
which can be uniformly parameterized as follows: 

VuiT = as^/Vmocr/V2 (11) 

where is of the order of 1 TeV. Frit starts lfT4l [T6l [32) playing an important role 
in the case of standard FHI for k < 5 x 10~^ and does not have 021 . in general, any 
significant effect in the cases of shifted and smooth FHI. 



2.4 Inflationary Observables 

Under the assumption that (i) possible deviation from mSUGRA is suppressed (see Sec.[ 
and (ii) the cosmological scales leave the horizon during FHI and are not reprocessed during 
a possible subsequent inflationary stage (see Sec. |4l), we can apply the standard (see e.g. 
Refs. EKSim) calculations for the inflationary observables of FHI. Namely, we can find: 

• The number of e-foldings A^hi* that the scale /c* suffers during FHI, 

A^Hi* = — / da-^, (12) 
"ip J<^f ^HI 

where the prime denotes derivation w.r.t a, a* is the value of a when the scale /c* 
crosses outside the horizon of FHI, and Uf is the value of a at the end of FHI, which 
can be found, in the slow roll approximation, from the condition 

max{e(cjf), |r/(crf)|} = 1, where e - i j ^ ~ " 

In the cases of standard fJ] and shifted |^] FHI and in the parameter space where 
the terms in Eq. (ITOl) do not play an important role, the end of inflation coincides 
with the onset of the GUT phase transition, i.e. the slow roll conditions are violated 
close to the critical point cxc = V^M [ac = M^] for standard [shifted] FHI, where 
the waterfall regime commences. On the contrary, the end of smooth |9] FHI is not 
abrupt since the inflationary path is stable w.r.t <I> — l> for all u's and a{ is found from 
Eq. (US. 
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The power spectrum Pji of the curvature perturbations generated by a at the pivot 
scale /l^ 

1 K 



1/2 



3/2 



HI 



n* 



2^/3 



nm'i 



I^Hll 



The spectral index 

dlnPn 



1 + 



din A; 



(14) 



l-6e, + 27]^, (15) 



and its running 



a. 



din k"^ 



1)') -2^*, 



(16) 



where ^ ~ mp ^i^hV^hI' variables with subscript * are evaluated at fi = o"* 
and we have used the identity dink = H dt = —da/ \f2tm-p . 

We can obtain a rather accurate estimation of the expected rig's if we calculate analyt- 
ically the integral in Eq. (fT2l ) and solve the resulting equation w.r.t a*. We pose aj = ac 
for standard and shifted FHI whereas we solve the equation ??(cr/) = 1 for smooth FHI 
ignoring Vms- Taking into account that e < rj we can extract rig from Eq. (fTSl ). In the case 
of global SUSY - setting Vnis = VniT = in Eq. © - we find 



(17) 



1 — 1/Nui* for standard and shifted FHI, 
1 - 5/3iVHi* for smooth FHI, 

whereas in the context of mSUGRA - setting V^is = ^HiSm in Eq. ^ - we find 

l-l/iVHi*+3A:2NiVHi*/47r2 
l-l/iVHi*+3A:2iVHi*/27r2 

1 - 5/3iVHi* + 2 {6^ilM|N■iiu/m|>)^^^ 

Comparing the expressions of Eq. ([TT] ) and ([TSl l. we can easily infer that mSUGRA elevates 
significantly Us for relatively large k or Ms. 



for standard FHI, 
for shifted FHI, 
for smooth FHI. 



(18) 



2.5 Observational Constraints 

Under the assumption that (i) the contribution in Eq. (fT4l) is solely responsible for the ob- 
served curvature perturbation (for an alternative scenario see Ref. |[33l ) and (ii) there is a 
conventional cosmological evolution after FHI (see point (ii) below), the parameters of the 
FHI models can be restricted imposing the following requirements: 

(i) The power spectrum of the curvature perturbations in Eq. ([T4l ) is to be confronted with 
theWMAP3 data HH: 

_ 4 gg ^ ^ 0.002/Mpc. (19) 
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(ii) The number of e-foldings A^tot required for solving the horizon and flatness problems 
of SBB is produced exclusively during FHI and is given by 

iVtot = iVHi* ^ 22.6 + - In + - In , (20) 

tot HI* -T ^ iGeV 3 IGeV 

where Tnrh is the reheat temperature after the completion of the FHI. 

Indeed, the number of e-foldings Nk between horizon crossing of the observationaly 
relevant mode k and the end of inflation can be found as follows |i2J : 

k _ Hf^Rk 

HqRq HqRq 



Here, R is the scale factor, H = R/Ris the Hubble rate, p is the energy density and the 
subscripts 0, k, Hf, Hrh, eq and m denote values at the present (except for the symbols Vhio 
and i^Hio = V^Hio / V^nT-p), at the horizon crossing {k = RkHk) of the mode k, at the end 
of FHI, at the end of reheating, at the radiation-matter equidensity point and at the matter 
domination (MD). In our calculation we take into account that R oc p^^/^ for decaying- 
particle domination (DPD) or MD and R oc p^^/^ for radiation domination (RD). We use 
the following numerical values: 

Pco = 8.099 X IQ-^'^hl GeV^ with = 0.71, 

PHrh = ^9p*Tny:h with = 228.75, 

Peq = 2i7mo(l " -2;eq)^PcO with ilmO = 0.26 and Zcq = 3135. (22) 

Setting Hq = 2.37 x IQ-^'/Mpc and k/R^ = 0.002/Mpc in Eq. (EB we derive Eq. (|20l). 

The cosmological evolution followed in the derivation of Eq. (l20l ) is demonstrated 
in Fig. |4] where we design the (dimensionless) physical length Aho = Aho/^o (dotted 
line) corresponding to our present particle horizon and the (dimensionless) particle hori- 
zon Rh = l/H = Hq/H (solid line) versus the logarithmic time t = In R/Rq. We use 
V^{^ = 10^^ GeV and Tnrh = 10^ GeV (which result to Nm* ^ 55). We take into account 
that In X T, Rh = Ho /Hmo for FHI and In Rh oc 2t [In Rh oc1.5t] for RD [MD] . The 
various eras of the cosmological evolution are also clearly shown. 

Fig. m visualizes ||4l the resolution of the horizon problem of SBB with the use of 
FHI. Indeed, suppose that Aho (which crosses the horizon today, Aho(O) = Rh{0)) in- 
dicates the distance between two photons we detect in CMB. In the absence of FHI, the 
observed homogeneity of CMB remains unexplained since Aho was outside the horizon, 
(Xm/RH){T^Ls) — 33.11, at the time of last-scattering (LS) (with temperature Tls — 



Hk Rk Rm Rurh Ri 



cq 



Hq i?Hf -^Hrh ^cq Rq 



PcO 



PHrh, 



PHrh^ 



^1/4 



Peq 



( 

VPmO/ 



-1/3 



1/4 



HIO 



, 1 , ?Hrh 

+ 3^"TGiV- 



(21) 
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0.26 eV or logarithmic time tls — —7) when the two photons were emitted and so, they 
could not establish thermodynamic equilibrium. There were 3.6 x 10^ disconnected re- 
gions within the volume A^q(tls)- In other words, photons on the LS surface (with radius 
Rh{0)) separated by an angle larger than 9 = ALs(0)/i?// (0) ~ (1/33.11) rad = 1.7° 
were not in casual contact - here, Als is the physical length which crossed the horizon at 
LS. On the contrary, in the presence of FHI, Aho has a chance to be within the horizon 
again, Aho < Rh, if FHI produces around 56 e-foldings before its termination. If this hap- 
pens, the homogeneity and the isotropy of CMB can be easily explained: photons that we 
receive today and were emitted from causally disconnected regions of the LS surface, have 
the same temperature because they had a chance to communicate to each other before FHI. 

2.6 Numerical Results 

Our numerical investigation depends on the parameters: 

{K for standard FHI, 

K with fixed Af s = 5 x 10^^ GeV for shifted FHI, 
Ms for smooth FHI. 

In our computation, we use as input parameters k or Ms and a^: and we then restrict v^^ and 
cr* so as Eqs. ( [T9l ) and (l20l) are fulfilled. Using Eqs. ([T5l) and (fT6l) we can extract Us and as 
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Shifted FHI 


Smooth FHI 




Without 


With 




Without 


With 




mSUGRA 




mSUGRA 




9.2 




Ms/5 X 10^'^ GeV 


1.56 


0.79 


ctJIO^s GeV 


5.37 




GeV 


26.8 


32.9 


M/IO^** GeV 


2.3 




fis/lO^'^ GeV 


0.1 


0.21 


m 


4.36 




cjf/10i6 GeV 


13.4 


13.4 




52.2 






52.5 


53 




0.982 


ris 


0.969 


1.04 


-as/10-4 


3.4 




-as/10-4 


5.8 


16.6 



Table 2: Input and output parameters consistent with Eqs. {TP]) and ^2Ql for shifted (Ms = 5 x 10^'' GeV) 
or smooth FHI and = Mgut with and without the mSUGRA contribution. 

respectively which are obviously predictions of each FHI model - without the possibility 
of fulfilling Eq. ([T]l by some adjustment. 

In the case of standard FHI with N = 2, we present the allowed by Eqs. ( [T9l ) and (l20l ) 
values of versus k (Fig.|5]l and versus k (Fig.[6ll. Dashed [solid] lines indicate results 
obtained within SUSY [mSUGRA], i.e. by setting Vris = Vrit = [Vuis = Vmsm 
given by Eq. (fTOl ) and Vhit given by Eq. ([TT]) with as=l TeV] in Eq. We, thus, can 
easily identify the regimes where the several contributions to Vm dominate. Namely, for 
K > 0.01, T4iiSm dominates and drives Us to values close to or larger than unity - see 
Fig-IH On the other hand, for 5 x 10-^ < k < 0.01, Vhic becomes prominent. Finally, for 
K < 5 X lO^'^, Vhit starts playing an important role and as increases, VniSm becomes 
again important. In Fig. |6] we also design with thin lines the region of Eq. ([T]). We deduce 
that there is a marginally allowed area with 0.983 < < 0.99. This occurs for 

0.0015 < K < 0.03 with 0.56 < v^/{W^^ GeV) < 0.74. 

in mSUGRA whereas in global SUSY we have k > 0.0015 and 0.56 < ^0/(10^^ GeV) 
< 0.7. We realize that < Mqut - note that Mgut = (2 x 10^*^/0.7) GeV where 
2 X 10^^ GeV is the mass acquired by the gauge bosons during the SUSY GUT breaking 
and 0.7 is the unified gauge coupling constant at the scale 2 x 10^^ GeV. 

In the cases of shifted and smooth FHI we confine ourselves to the values of the param- 
eters which give = Mqut and display the solutions consistent with Eqs. ([T9l ) and (l20l ) 
in Table |2l We observe that the required k in the case of shifted FHI is rather low and so, 
the inclusion of mSUGRA does not raise rig, which remains within the range of Eq. ([Hi. On 
the contrary, in the case of smooth FHI, increases sharply within mSUGRA although the 
result in the absence of mSUGRA is slightly lower than this of shifted FHI. In the former 
case I as I is also considerably enhanced. 
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Figure 6: The allowed by Eqs. JJ9D and (20\l values of rig versus k for standard FHI with N = 2 and 
Vms = sls ~ (dashed lines) or Vms ~ VniSm and as = 1 TeV (solid lines). The region of Eq. 01' is also 
limited by thin lines. 
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3 Reducing Through Quasi-Canonical SUGRA 

Sizeable variation of Us in FHI can be achieved by considering a moderate deviation from 
mSUGRA, named lITSl qSUGRA. The form of the relevant Kahler potential for a is given 
by 

with Cq > a free parameter. Note that for a <^ mp higher order terms in the expansion 
of Eq. (|23] ) have no effect on the inflationary dynamics. Inserting Eq. (1231) into Eq. Q, we 
obtain the corresponding contribution to Vhi> 

The fitting of WMAP3 data by ACDM model obliges |[T6l[T7l|2Ql us to consider the positive 
[minus] sign in Eq. (1231 ) [Eq. (l24l )1 (the opposite choice implies fTSl a pronounced increase 
of Us above unity). As a consequence Vm acquires a rather interesting structure which is 
studied in Sec. 13.11 In Sec. 13.21 we specify the observational constraints which we impose 
to this scenario and in Sec.l3.3lwe exhibit our numerical results. 



3.1 The Structure of the Inflationary Potential 

In the qSUGRA scenario the potential Vm can be derived from Eq. Q posing Vuis = ^HiSq 
given by Eq. (I24l) with minus in the first term. Depending on the value of Cq, Vm is a 
monotonic function of a or develops a local minimum and maximum. The latter case leads 
to two possible complications: (i) The system gets trapped near the minimum of Vhi and, 
consequently, no FHI takes place and (ii) even if FHI of the so-called hilltop type |[T9l occurs 
with a rolling from the region of the maximum down to smaller values, a mild tuning of the 
initial conditions is required 1 16] in order to obtain acceptable rig's. 

It is, therefore, crucial to check if we can accomplish the aim above, avoiding |[20ll2T]| 
the minimum-maximum structure of Vui- In such a case the system can start its slow rolUng 
from any point on the inflationary path without the danger of getting trapped. This can be 
achieved, if we require that Vm is a monotonically increasing function of a, i.e. V^j > 
for any a or, equivalently, 

V^l(cTmin) > with V{{j{a^in) = and F^'K^^min) > (25) 

where cJmin is the value of a at which the minimum of V^i lies. Employing the conditions 
of Eq. (l25l) we find approximately: 

C y^2cq/3cqq mp for standard and shifted FHI, 

Cmin — S , / , s 1/4 (26) 

I v^2mp/3 ( y/5/cqq /xsMs) ' for smooth FHI. 
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Inserting Eq. (1261) into Eq. (1251) . we find that Vui remains monotonia for 

{3KY/c~1\l/4\/27r for standard FHI, 

^k^/c^/Att for shifted FHI, (27) 

(8/3)(cqq/5)3/^VAisA?s/"ip for smooth FHI. 

For Cq > c™^^, Vm reaches at the points cjmin [fmax] a local minimum [maximum] 
which can be estimated as follows: 

( Kuip \/N/2Y^2cq7r for standard FHI, 



(Train ^ J—mp and a^-a^^ I Kmp/2^/c^7r for shifted FHI, (28) 

V ^'1'' ( y/2/3cq(/isMsmp)^/^ for smooth FHI. 

Even in this case, the system can always undergo FHI starting at o" < fTmax since Fyj((7max) = 
0. However, the lower rig we want to obtain, the closer we must set to cxmax- This sig- 
nalizes |fT6i a substantial tuning in the initial conditions of FHI. 

Employing the strategy outlined in Sec. (12.41) we can take a flavor for the expected rig's 
in the qSUGRA scenario, for any Cq: 

{1 - 2cq (1 - 1/cn) - 3cqqK2NcAr/4cq7r2 for Standard FHI, 
l-2cq(l- I/cat) -3cqqK2cAr/4cq7r2 for shifted FHI, (29) 
1 - 5/3A^Hi* + 2civ - (2cArA^Hi* + 7) Cq for smooth FHI, 

with CAT = 1 - y^l + 4cqiVHi* and cn = Cqq {QnlMlNm*/mp) 
We can clearly appreciate the contribution of a positive Cq to the lowering of rig. 

3.2 Observational Constraints 

As in the case of mSUGRA and under the same assumptions, the qSUGRA scenario needs 
to satisfy Eq. ( [T9l ) and (l20l ). However, due to the presence of the extra parameter Cq, a 
simultaneous fulfillment of Eq. ([U becomes ifTTl [T6l l20l possible. In addition, we take into 
account, as optional constraint, Eq. (1251 ) so as complications from the appearance of the 
minimum-maximum structure of Vpn are avoided. 

It is worth mentioning that in Eq. (l23l ) generates a non-minimal kinetic term of a 
thereby altering, in principle, the inflationary dynamics and the calculation of the inflation- 
ary observables. Indeed, the kinetic term of a is 

»-'w.<h g^ = l±2«,^ ,30) 

(the dot denotes derivation w.r.t the cosmic time). Assuming that the 'friction' term ?,Ha 
dominates over the other terms in the equation of motion (e.o.m) of a, we can derive the 
slow roll parameters e and r] in Eq. (fT3l) which carry an extra factor (1 it 2cq(T^/mp)^^, in 
the present case. The formulas in Eqs. ([T2l ) and (fT4l ) get modified also. In particular, a factor 
(1 ± 2cq(7^/mp) must be included in the integrand in the right-hand side (r.h.s) of Eq. (fT2l) 
and a factor (1 it 2cq(7^/mp)^/^ in the r.h.s of Eq. (fT4l) . However, these modifications are 
certainly numerically neghgible since a <^ mp and Cq <C 1 (see Sec. l3.3l) . 
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3.3 Numerical Results 



Shifted FHI 


Smooth FHI 


Us 

Cq/10-3 
^max/;^Q-3 


0.926 0.958 0.976 
16.8 7.5 2 
1.7 1.87 2 


Us 

Cq/10-3 
^max/;LQ-3 


0.926 0.958 0.99 
11 8.3 5.45 
9 9 9 


(J^/IO^*^ GeV 


6.05 5.46 5.36 
7.8 8.45 9 


a^/10''> GeV 
Ms/5 X 10^7 GeV 


23.1 24.5 26.5 
2.86 2.02 1.44 


M/W^ GeV 
-as/10-4 


2.18 2.24 2.28 
4.1 4.21 4.31 
51.7 52 52 
2.8 3.4 3.5 


/is/lO^*^ GeV 
CTf/lO^^ GeV 
Nm* 

-as/10-3 


0.06 0.08 0.1 
13.4 13.4 13.4 
52.2 52.4 52.6 
0.56 0.8 1 



Table 3: Input and output parameters consistent with Eqs. {TP]) and OS for shifted (Ms = 5 x 10^*^ GeV) 
or smooth FHI, = Mgut and selected Us 's within the qSUGRA scenario. 

Our Strategy in the numerical investigation of the qSUGRA scenario is the one described 
in Sec. 12.61 In addition to the parameters manipulated there, here we have the parameter 
Cq which can be adjusted so as to achieve in the range of Eq. ([T]l. We check also the 
fulfillment of Eq. ^B- 

In the case of standard FHI with N = 2, we delineate the (lightly gray shaded) region 
allowed by Eqs. ©, GSll and in the k - Cq (Fig. IT]) and k - (Fig. [8]l plane. The 
conventions adopted for the various lines are also shown in the r.h.s of each graphs. In 
particular, the black solid [dashed] lines correspond to Us = 0.99 [ng = 0.926], whereas 
the gray solid lines have been obtained by fixing Ug = 0.958 - see Eq. ([T]l. The dot-dashed 
lines correspond to Cq = c™^^ in Eq. (|27] ) whereas the dotted line indicates the region in 
which Eq. (dJ is fulfilled in the mSUGRA scenario. In the hatched region, Eq. (1251 ) is also 
satisfied. We observe that the optimistic constraint of Eq. (l25l) can be met in a narrow but 
not unnaturaly small fraction of the allowed area. Namely, for Us = 0.958, we find 

0-06 <K< 0.15 with 0.47 > v^/{W^^ GeV) > 0.37 and 0.013 < Cq < 0.03. 

The lowest = 0.946 can be achieved for k = 0.15. Note that the u^'s encountered here 
are lower that those found in the mSUGRA scenario (see Sec. l2.6l ). 

In the cases of shifted and smooth FHI we confine ourselves to the values of the param- 
eters which give = Mqut and display in Table |3] their values which are also consistent 
with Eqs. ( fT9l ) and (l20l ) for selected ng's. In the case of shifted FHI, we observe that (i) it 
is not possible to obtain ng = 0.99 since the mSUGRA result is lower (see Table ll]) (ii) the 
lowest possible compatible with the conditions of Eq. (1251 ) is 0.976 and so, Ug = 0.958 
is not consistent with Eq. (|25] ). In the case of smooth FHI, we see that reduction of Ug con- 
sistently with Eq. (|25] ) can be achieved for Ug > 0.951 and so ng = 0.958 can be obtained 
without complications. 
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Figure 7: Allowed (lightly gray shaded) region in the k, — Cq plane for standard FHI within the qSUGRA 
scenario. Ruled is the region where the inflationary potential remains monotonic. The conventions adopted for 
the various lines are also shown. 



I I I I I 1 1 1 1 I I I I I I 1 1 1 I I I I I I 1 1 1 




Figure 8: Allowed (lightly gray shaded) region in the k — plane for standard FHI within the qSUGRA 
scenario. Ruled is the region where the inflationary potential remains monotonic. The conventions adopted for 
the various lines are also shown. 
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4 Reducing Through a Complementary MI 

Another, more drastic and radical, way to circumvent the problem of FHI is the consid- 
eration of a double inflationary set-up. This proposition ll22l is based on the observation 
that Us within FHI models generally decreases I3T1 with A^hi* - given by Eq. ([T2l ). This 
statement is induced by Eqs. ([TT] ) and ([TSl l and can be confirmed by Fig. |9] where we draw 
Us in standard FHI with N = 1 as a function of A^hi* for several k's indicated in the graph. 
On the curves, Eq. ( fT9l ) is satisfied. Therefore, we could constrain A?hi*, fulfilling Eq. ([Til. 
Note that a constrained A^hi* was also previously used in Ref. |[34l to achieve a sufficient 
running of ng. 

The residual amount of e-foldings, required for the resolution of the horizon and flat- 
ness problems of the standard big-bang cosmology, can be generated during a subsequent 
stage of MI realized at a lower scale by a string modulus. We show that this scenario can 
satisfy a number of constraints with more or less natural values of the parameters. Such 
a construction is also beneficial for MI, since the perturbations of the inflaton field in this 
model are not sufficiently large to account for the observations, due to the low inflationary 
energy scale. 

Let us also mention that MI naturally assures a low reheat temperature. As a conse- 
quence, the gravitino constraint [29] on the reheat temperature of FHI and the potential 
topological defect problem of standard FHI |[30ll can be significantly relaxed or completely 
evaded. On the other hand, for the same reason baryogenesis is made more difficult, since 
any preexisting baryon asymmetry is diluted by the entropy production during the modulus 
decay. However, it is not impossible to achieve adequate baryogenesis in the scheme of 
cold electroweak baryogenesis |[35l or in the context of (large) extra dimensions [36]. 

The main features of MI are sketched in Sec. 14.11 The parameter space of the present 
scenario is restricted in Sec. l4.3l taking into account a number of observational requirements 
which are exhibited in Sec. 14.21 



4.1 The Basics of MI 

Fields having (mostly Planck scale) suppressed couplings to the SM degrees of freedom and 
weak scale (non-SUSY) mass are called collectively moduli. After the gravity mediated soft 
SUSY breaking, their potential can take the form (see the appendix A in Ref. OTll ): 



^Mi = {ms/^mpfV j (31) 

where V is a function with dimensionless coefficients of order unity and s is the canonically 
normalized, axionic or radial component of a string modulus. MI is usually supposed Ii23l 
to take place near a maximum of Vui, which can be expanded as follows: 

Vmi ^ Vuio - ^"T-s^^ H , (32) 
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where the eUipsis denotes terms which are expected to stabihze Vmi at s ~ mp. Comparing 
Eqs. (OTI ) and (l32l ). we conclude that 

Vmio = Vsim3/2mpf and ~ 1113/2, (33) 

where 7713/2 ~ 1 TeV is the gravitino mass and the coefficient Vs is of order unity, yielding 

^Mio — 3 X 10^*^ GeV. However, if s has just Plank scale suppressed interactions to light 
degrees of freedom, NS constraint forces P3l us to use (see Sec. 14.21 ) much larger values 
for rus and 7713/2- In Fig. [TOl we present a typical example of the (dimensionless) potential 
Vmi/ (^-3/2"^?)^ versus s/mp, where the constant quantity cmio — 0.7 has been subtracted 
so that Vmi/ ("1^3/2"^?)^ vanishes at its absolute minimum (the subscript of yMio and cmio 
is not refereed to present-day values). 

Solving the e.o.m of the field s (the dot denotes derivation w.r.t the cosmic time), 

s + 3Hs + (fV/ds^ = 0, (34) 

for H = V^Mio / V^mp and V = Vui =^ (fV/ds^ ~ -"ml, we can extract 1271 its 

evolution during MI: 



. = .Mie^=^^- with F.^sjl+I^^' -\. (35) 
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Figure 10: The (dimensionless) potential VMi/(m3/2mp)^ = 1 — 0.5(s/mp)^ + 0.2(s/mp)'' — cmio 
versus s/mp. The inffationary trajectory is also depicted by bJaci points. 



Here, smi is the value of s at the onset of MI and AA^mi is the number of the e-foldings 
obtained from s = smi until a given s. For natural MI we need: 



0.5 <Vs<W 2.45 > rus/Hs > 0.55 1.37 > > 0.097. 



(36) 



where the lower bound bound on Vs comes from the obvious requirement Vmi > 0. 

In this model, inflation can be not only of the slow-roll but also of the fast-roll 1271 
type. This is, because there is a range of parameters where, although the e-criterion for 
MI, es < 1, is fulfilled, the 77-criterion, r]s < 1, is violated giving rise to fast-roll inflation. 
Indeed, using its most general form ||4j|, reads: 



MI 



-"MI 



2m2 ' 



(37) 



where the former expression can be derived inserting Eq. ( [35l ) into Eq. (|34l ) with H 
Hmi = Vym/V^mp. Numerically we find: 



0.005 < < 0.94 for 0.55 < tjIs/Hs < 2.45 and s/mp = 1. 



(38) 



Therefore, we can obtain accelerated expansion (i.e. inflation) with Hg ~ est. Note, 
though, that near the upper bound on ms/Hg, gets too close to unity at s = mp and thus, 
Hg does not remain constant as s approaches mp. Therefore, our results at large values 
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Figure 11: The number of e-foldings Nmi obtained during MI as a function of rUa/Hs for SMi/mp — 1 
and several Si /mp 's indicated in the graph. The required values of Nmi for a successful complementary MI is 
approximately limited by two thin line. 

of TUs/Hs should be considered only as indicative. On the other hand, -q^ can be larger or 
lower than 1, since: 

\T]s\ — nip ~ OU2 ~ ^-^^^ 

where the last equality holds for nig = ^1^/2- Therefore, the condition which discriminates 
the slow-roll from the fast-roll MI is: 



rUs/Hs < \/3 or Us > 1 for slow-roll MI, 
ms/Hs> V?) or Us < 1 for fast-roll MI. 

The total number of e-foldings during MI can be found from Eq. (|35] ). Namely. 



(40) 



A^Ml = ^ln -^In (41) 

In our computation we take for the value of s at the end of MI SMf = mp, since the 
condition = 1 gives SMf/mp = \/2/Fs > 1, for the ranges of Eq. (l36l) . This result is 
found because the (unspecified) terms in the elhpsis in the r.h.s of Eq. (l32l) starts playing an 
important role for s ~ mp and it is obviously unacceptable. 

InFig.[TIl we depict A^mi versus nis/Hs for SMf = mp and several SMi/mp's indicated 
in the graph. We observe that A^mi is very sensitive to the variations of nis/Hs. Also, taking 
into account that 20 < A'^mi ^ 30 (hmited in Fig. [TT] by two thin Unes) is needed so that 
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MI plays successfully the role of complementary inflation (see Sec. 14.31 ). we can deduce the 
following: 

• As SMi decreases, the required mg/Hs for obtaining A^mi ~ 30 increases. To this 
end, for sui/mp ^ 10"^ [sMi/fnp ^ 10~^], we need fast-roll [slow-roll] MI. 

• For SMi/mp > 0.1, it is not possible to obtain A'^mi ~ 30 and so, MI can not play 
successfully the role of complementary inflation. 



4.2 Observational Constraints 

In addition to Eqs. ([T]) and ([T9l ) - on the assumption that the inflaton perturbation gener- 
ates exclusively the curvature perturbation - the cosmological scenario under consideration 
needs to satisfy a number of other constraints too. These can be outlined as follows: 



(i) The horizon and flatness problems of SBB can be successfully resolved provided that 
the scale fc* suffered a certain total number of e-foldings A'tot- In the present set-up, A'^tot 
consists of two contributions: 



iVtot = A^Hi* + iVMi . (42) 



Employing the conventions and the strategy we applied in the derivation of Eq. (1211 ). we 
can find |[38l the number of e-foldings between horizon crossing of the observationaly 
relevant mode k and the end of FHI as follows: 

k HkRk 



HqRq HqRq 

_ Hk Rk Rm Rui Ruf Rurh Reg 

Hq Rm Rmi Ruf Rma Req Ro 

= l^c-N. ( \ ^-JVmi ( '^'^ ( PMrh\ / Peg\ '^'^ 

y PcO V^MIOy \PMrhJ V Peg J \PmoJ 

A^. + A^Mi-ln^ + 24.72 + |ln-^ + iln-^. (43) 
k 3 1 GeV 3 1 GeV 

Here, we have assumed that the reheat temperature after FHI, Tnrh is lower than Fp^io 
the majority of these models HI) and, thus, we obtain just MD during the inter-inflationary 
era. Also, the subscripts Mi, Mf, Mrh denote values at the onset of MI, at the end of 
MI and at the end of the reheating after the completion of the MI. Inserting into Eq. ( |43] ) 
Ho = 2.37 X lO^'^/Mpc and k/Ro = 0.002/Mpc and taking into account Eq. we 
can easily derive the required iVtot at k^ : 

^„,. + A'M,.22.0 + |lni|| + il„i^. (44) 
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Figure 12: The evolution of the quantities 1/H = Ho/H (solid line). A, = X,/Ro (dashed line) and 
Ac = \c/Ro (dotted line) as a function of r for ^h/o = 10^^ GeV, iVHi, ==; 15, V^io = 5 x 10^" GeV, 
A'^Mi — 30 and Tma ~ 1 GeV. The various eras of the cosmological evolution are also shown. 

The cosmological evolution followed in the derivation of Eq. (l43l) is illustrated in Fig. [12] 
where we design the (dimensionless) physical length A,,, = X^^/Rq (dashed line) corre- 
sponding to and the (dimensionless) particle horizon Rh = 1/H = Hq/H (solid line) 
as a function of t = In R/Rq. In this plot we take V^^io ~ ^^^^ GeV, A^hi* — 15, 
V^jQ = 5 X 10^° GeV, Nui ^ 30, and TMrh = 1 GeV. We take also Rh = Hq/H, for 
MI. The various eras of the cosmological evolution are also clearly shown (compare with 
Fig.®. 

(ii) Taking into account that the range of the cosmological scales which can be probed 
by the CMB anisotropy is f2l 10"^/Mpc < k < 0.1/Mpc (length scales of the order 
of 10 Mpc are starting to feel nonlinear effects and it is, thus, difficult to constrain 1391 
primordial density fluctuations on smaller scales) we have to assure that all the cosmological 
scales: 

• Leave the horizon during FHI. This entails: 

Nm* > Nk{k = 0.002/Mpc) - Nkik = 0.1/Mpc) = 3.9 (45) 

which is the number of e-foldings elapsed between the horizon crossing of the pivot 
scale k^: and the scale 0.1/Mpc during FHI. 
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Do not re-enter the horizon before the onset of MI (this would be possible since 
the scale factor increases during the inter-inflationaiy MD era f38l). This requires 
Nm* ^ -^Hic, where A^hic is the number of e-foldings elapsed between the horizon 
crossing of a wavelength kc (which corresponds to the dimensionless length scale 
= ^cl Rq depicted by a dotted line in Fig. W2\ and the end of FHI. More specifi- 
cally, kc is to be such that: 



kr 



A^Hic = 7: In -f^ • (46) 



^^Mi-^Mi HsRm Rui V^Mio/ 6 yMio 



Both these requirements can be met if we demand 1381 

Nm* > 3.9 + i In ^ • (47) 

b VMIO 

We expect N^j^ ~ 10 since {Vuio/Vmio)^^^ ~ 10^^/10^° ~ 10^ and ln(10i6)/6 ~ 6. 



(iii) As it is well known jSTl |34l . in the FHI models, |as| increases as A'^hi* decreases. 
Therefore, limiting ourselves to |as|'s consistent with the assumptions of the power-law 
ACDM model, we obtain a lower bound on A^hi*- Since, within the cosmological mod- 
els with running spectral index, \as\'s of order 0.01 are encountered ifTTll . we impose the 
following upper bound on | ag | : 

|as|<C0.01. (48) 

(iv) Using the bounds of Eq. (l36l ). we can find the corresponding bounds on Ami- Namely, 

0.731n— < iVMi < 10.21n— • (49) 

SMi SMi 

The relevant for our analysis (see Sec. 14.31) is the lower bound on A'^mi which is N^f^ ~ 3 
for SMi/m-p = 0.01 or N^f^ ~ 25 for smi ~ Hs and = = 1 TeV. 



(v) Restrictions on the parameters can be also imposed from the evolution of the field s 
before MI. Depending whether s acquires or not effective mass |[25ll26l during FHI and the 
inter-infiationaiy era, we can distinguish the cases: 

• If s does not acquire mass (e.g. if s represents the axionic component of a string 
modulus or if a specific form for the Kahler potential of s has been adopted), we 
assume that FHI lasts long enough so that the value of s is completely randomized 
Pol as a consequence of its quantum fluctuations from FHI. We further require that 
all the values of s belong to the randomization region, which dictates II40I that 



Vmio < H^io where i^nio = ^Hio/3m|. 



(50) 
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Under these circumstances, all the initial values smi of s from zero to mp are equally 
probable - e.g. the probability to obtain SMi/mp < 0.01 is 1/100. Furthermore, the 
field s remains practically frozen during the inter-inflationary period since the Hubble 
parameter is larger than its mass. 

• If s acquires effective mass of the order of Hum (as is ||25l |26]| generally expected) 
via the SUGRA scalar potential in Eq. Q, the field s can decrease to small values 
until the onset of MI. In our analysis we assume that: 

- The inflaton S has minimal Kahler potential = |5'P and therefore, induces 
ll25l an effective mass to s during FHI, mslni = V^Huio- 



- The modulus s is decoupled from the visible sector superfields both in Kahler 
potential and superpotential and has canonical Kahler potential, Ks = 

In such a simplified case, the value Smin at which the SUGRA potential has a 
minimum is [28] Smin = 0. 

Following Refs. ||34ll4TI . the evolution of s can be found by solving its e.o.m. More 
explicitly, inserting into Eq. (l34l) . 

- H = Huio and V = {ms\m)'^ with (m^lHi)^ = 3i^^io' we can derive the 
value of s at the end of FHI: 

sm = SHie-=^^Hi/2 ^pog \^jYj^j + sij, ^^hi^ , (51) 

where SHi ~ "ip is the value of s at the onset of FHI and A^hi is the total number 
of e-foldings obtained during FHI. We have also imposed the initial conditions, 

s{N = 0) = SHi and ds{N = 0)/dN = 0. 

- H = i^Hioe"^^/^ with N = ln{R/Rm) and V = {ms\MDfs'^/2 with 
("1s|md)^ = 3if^/2, we can derive the value of s at the beginig of MI: 



■SMi = SHf 



cos m h A / — sm In , (52) 

\VmoJ I 12 Vmio V 5 12 Vmw 



where we have taken into account that during the inter-inflationary MD epoch 
R oc p~^/^ and imposed the initial conditions, s{N = 0) = sm and ds{N = 
0)/dN = 0. 

In conclusion, combining Eqs. dTT]) and ( l52l) we find 

1/4 



mp 
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(vi) In our analysis we have to ensure that the homogeneity of our present universe is not 
jeopardized by the quantum fluctuations of s during FHI which enter the horizon of MI, 
'^^Ihmi ^^'^ during MI ()^s|p^J. Therefore, we have to dictate 

SMi > (^sIhmi and SMi > <^s|mi - Hs/2tt. (54) 
In order to estimate (5s|jj]y[j, we find it convenient to single out the cases: 

• If s does not acquire mass before MI, remains frozen during FHI and the 

inter-inflationary era. Consequently, we get 

^s|hmi - ^^Hio/2vr. (55) 



Obviously the first inequality in Eq. (154] ) is much more restrictive than the second one 
since Hum ~ 10^'^ GeV whereas Hs ~ nis. 

If s acquires mass before MI, we find ll34l |4TI : 

^^"hmi- 2vr U.IhJ ' Umoj " 3V42vr' ^^^^ 



where Eq. ( |46l ) has been applied. As a consequence, the second inequality in Eq. ([53 
is roughly more restrictive than the first one and leads via Eq. (1531 ) to the restriction: 



Nm < iVfr with iVfr = - ^ In i^-ii^oVuio)^ ' _ ^^^^ 

Given that Fj^m ~ l^^'' ^eV and vH^^ ~ 10^° GeV, we expect A^ff^ ~ (15 - 18). 
This result signalizes an ugly tuning since it would be more reasonable FHI has a 
long duration due to the flatness of Vui- This tuning could be evaded in a more 
elaborated set-up which would assure that Smin / 0, due to the fact that s would not 
be completely decoupled - as in Refs. |[34ll4ni . 



(vii) If s decays exclusively through gravitational couplings, its decay width V ^ and, con- 
sequently, Tivirh are highly suppressed B2ll43l . In particular, 

1 ^3 f 72 \^^'^ , 

r. = 1- and in TMrh = 7 7?F^ r \/r,mp/7r (58) 

with 5p*(?Mrh) — 76. For nis ~ 1 TeV, we obtain TMrh — 10 keV which spoils the 
success of NS within SBB, since RD era must have already begun before NS takes place 
at Tns — 1 MeV. This is [42J the well known moduli problem. The easiest (although 
somehow tuned) resolution to this problem is H2l l43l the imposition of the condition (for 
alternative proposals see Refs. 12811431 ): 

nis > 100 TeV which ensures TMrh > Tns- (59) 

To avoid the so-called 1441 moduli-induced gravitino problem too, 7^3/2 is to increase ac- 
cordingly. 
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4.3 Numerical Results 

In addition to the parameters mentioned in Sec. 12.61 our numerical analysis depends on the 
parameters: 

m3/2, rus, nis/Hs, sm- 

We take throughout m^i2 = mg = 100 TeV which results to TMrh = 1-5 MeV through 
Eq. (|58] ) and assures the satisfaction of the NS constraint with almost the lowest possible 
nis. Since TMrh appears in Eq. (l44l ) through its logarithm, its variation has a minor in- 
fluence on the value of A'tot and, therefore, on our results. On the contrary, the hierarchy 
between m-^i2 and plays an important role, because A^mi depends crucially only on Fg 
- see Eq. (l35l) - which in turn depends on the ratio nis/ Hs with Hs ^ fn^i2. As justified 
in the point (vii) we consider the choice nis ^ ^3/2 as the most natural. It is worth men- 
tioning, finally, that the chosen value of (and ^,3/2) has a key impact on the allowed 
parameter space of this scenario, when s does not acquire mass before MI. This is, because 
nis is explicitly related to Fmio - see Eq. (l33l) - which, in turn, is involved in Eq. (l50l) and 
constrains strongly -ffnio - see point (i) below. 

As in Sec. I2.6[ we use as input parameters k (for standard and shifted FHI with fixed 
Ms = 5 X lO^'^ GeV) or Ms (for smooth FHI) and cr*. Employing Eqs. O and ( fT9l ). 
we can extract n^ and respectively. For every chosen k or Afs, we then restrict a* so 
as to achieve rig in the range of Eq. ([T]) and take the output values of A^hi* (contrary to our 
strategy in Sec. I2.6l in which A^hi* given by Eq. (l20l ) is treated as a constraint and n^ is an 
output parameter). Finally, for every given smi, we find from Eq. (|44l) the required A'^mi and 
the corresponding Vs or nis/ Hs from Eq. (|4TI ). Replacing Fs from Eqs. (1351 ) in Eq. (|4T]) and 
solving w.r.t nis/ Hs, we find: 



/ ' ln!^^f^ln^ + 3) (60) 



Hs y A^Mi SMi \Nmi SMi 
As regards the value of SMi we distinguish, once again, the cases: 



(i) If s remains massless before MI, we choose SMi/mv = 0.01. This value is close 
enough to mp to have a non-negligible probability to be achieved by the randomization of s 
during FHI (see point (v) in Sec. 14.21 ). At the same time, it is adequately smaller than mp to 
guarantee good accuracy of Eqs. (1351 ) and (|4TI ) near the interesting solutions and justify the 
fact that we neglect the uncertainty from the terms in the ellipsis in Eq. ( [32l ) - since we can 
obtain A'^mi ~ 30 with low nis/Hs's which assures low e^'s as we emphasize in Eq. (1381 ). 
Moreover, larger SMi's lead to smaller parameter space for interesting solutions (with n^ 
near its central value). 

Our results are presented in Figs. [13] -[16] for standard FHI (with N = 2) and in Table [4] 
for shifted and smooth FHI. Let us discuss each case separately: 
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Figure 13: Allowed (lightly gray shaded) region in the k — plane for standard FHI followed by MI 
realized by a held which remains massless before MI. The conventions adopted for the various lines are also 
shown. 
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K 

Figure 14: Allowed (lightly gray shaded) regions in then — nis/Hs plane for standard FHI followed by MI 
realized by a field which remains massless before MI. The conventions adopted for the various lines are also 
shown. 
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Figure 15: Allowed (lightly gray shaded) region in the n — Nm* plane for standard FHI followed by MI 
realized by a field which remains massless before MI. The conventions adopted for the various lines are also 
shown. 




Figure 16: Allowed (lightly gray shaded) region in the k — Nmi plane for standard FHI followed by MI 
realized by a field which remains massless before MI. The conventions adopted for the various lines are also 
shown. 
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• Standard FHI. We present the regions allowed by Eqs. ([T), (HHl, dSll, ([471) - (l50l l. 
dH) and §9^) in the k-v^ (Fig. [HI), k - rUs/Hs (Fig. [Hi, k - Nm* (Fig.[l5]l, and 
K — Nmi (Fig. [T6l) plane. The conventions adopted for the various lines are displayed 
in the r.h.s of every graph. In particular, the black solid [dashed] lines correspond to 
Us = 0.99 [ng = 0.926] whereas the gray solid lines have been obtained by fixing 
ris = 0.958 - see Eq. ([T]). The dot-dashed [double dot-dashed] lines correspond to 
the lower bound on Vmo [Nmi] from Eq. dSO]) [Eq. (|49l)]. The bold [faint] dotted hnes 
correspond to as = —0.01 [Og = —0.005]. Let us notice that: 

- The resulting f^'s and k's are restricted to rather large values (although < 
-^GUt) compared to those allowed within the other scenaria with one infla- 
tionary epoch (compare with Figs. |5] and [8]l. As a consequence, the SUGRA 
corrections in Eq. (ITOl ) play an important role. 

- The lower bound on Vmo from Eq. (l50l) cut out sizeable slices of the allowed 
regions presented in Ref. [22]. This is due to the fact that we take here a much 
larger rus in order to fulfill Eq. (l59l) - not considered in Ref. [22]. 

- The requirement of Eq. (l47l) does not constrain the parameters since it is over- 
shadowed by the constraint of Eq. (l50l) . 

- In almost the half of the available parameter space for Tig ~ 0.958 we have 
relatively high |as|, 0.005 < |as| < 0.01. 

- For ris = 0.958, we obtain 0.04 < k< 0.14, 0.89 < v^/ilO^^ GeV) < 1.08 
and 0.003 < |as| < 0.01. Also, 12 < Nnu < 21.7, 35 > A^mi > 28 and 
0.64 < nis/Hs < 0.74. So, the interesting solutions correspond to slow rather 
than fast-roll MI. 

• Shifted FHI. We list input and output parameters consistent with Eqs. ([T9l) . (|44l) . (l47l) 
- dSOll, dMll and ^59^ for the nearest to Mgut Vq and selected ng's in Table HI The 
values of come out considerably larger than in the case of standard FHI. However, 
the satisfaction of Eq. (l50l ) in conjunction with Eq. ( [59l ) leads to > Mqut- Indeed, 

= Mgut occurs for low k's which produce Ohio's inconsistent with Eq. (l50l ) - 
compare with Ref. |[22l . 

• Smooth FHI. We arrange input and output parameters consistent with Eqs. (IT9l) . (l44l) . 
(l47l) - dSnil, dMl) and for = Mqvt and selected Tig's in Table 11 In contrast 
with standard and shifted FHI, we can achieve = Mqut for every rig in the range 
of Eq. ([T]). The mSUGRA corrections in Eq. (ITOl ) play an important role for every 
Ms encountered in Table |4] and | | is considerably enhanced but compatible with 
Eq. dM]). 

(ii) If s acquires mass, SMi can be evaluated from Eq. (l53l) . However, due to our igno- 
rance of Nm, there is an uncertainty in the determination of rUs/Hs, i.e. for every A^mi 
required by Eq. (l44l) . we can derive a maximal [minimal], ms/i^s|max ["is/-ffs|mm], value 
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Shifted FHI 


Smooth FHI 


Uq I lU vjt! V 


0.926 0.958 0.99 


Uq I iu ^e V 


0.926 0.958 0.99 

Z.OU Z.oU Z.oU 


K 

a./lO^^ GeV 


0.035 0.04 0.045 
6.97 11.3 20.15 


Ms/5 X 10^^ GeV 
dJlO^^ GeV 


0.815 0.87 0.912 
22.18 23.53 25.54 


GeV 

-as/10-3 


4.57 4.92 5.24 
4.2 4.13 4.09 
12.75 20.8 40.45 
6 2.5 1 


/xs/lO^^ GeV 
C7f/10i6 GeV 

-as/10-3 


0.2 0.188 0.179 
13.43 13.43 13.43 
13.6 18 26 
9 5.5 3 


mg/Hs 


31.1 23.1 3.35 
0.68 0.8 2.45 


rUs/Hs 


30.3 25.6 17.8 
0.69 0.75 0.92 



Table 4: Input and output parameters consistent with Eqs. (I^, ^4^, ^47\l - ^5^, and in the cases 
of shifted (Ms = 5 x 10^^ GeV ) or smooth FHI for smi / rnp = 0.01, the nearest to Mqvt and selected 
Us 's within the mSUGRA double inflationary scenario when the infiaton of MI does not acquire effective mass. 

of nis/Hs. Eq. ( [60l ) implies that mg/ Hs\^i^^ [?^s/-f^s|min] is obtained by using the minimal 
[maximal] possible value of SMi which corresponds to A'^hi = N^f^ [-/Vhi = -^Hi*]- Our 
results are presented in Figs. [T7] - [20] for standard FHI (with N = 2) and in Table [5] for 
shifted and smooth FHI. Let us discuss each case separately: 

• Standard FHI. We present the regions allowed by Eqs. ©, (SUl, dUl and (07]) - (|49l ). 
((57l) and ^ in the k - (Fig. [17]), K — nis/Hs (Fig.[T8]). K — A'^Hi* (Fig.[T9]). and 
K — A^Mi (Fig- [20] ) plane. The conventions adopted for the various lines are displayed 
in the r.h.s of every graph. In particular, the black solid [dashed] lines correspond to 
TT-s = 0.99 [ng = 0.926] whereas the gray solid lines have been obtained by fixing 
Us = 0.958 - see Eq. ([T]l- The dot-dashed [double dot-dashed] lines correspond to the 
lower [upper] bound on A'^hi* from Eq. WT\ [Eq. (|57])]. The double dot-dashed lines 
correspond to the upper [lower] bound on nis/Hs [A^mi] from Eq. ([36]) [Eq. ([49])]. 
The bold [faint] dotted lines correspond to = —0.01 [Og = —0.005]. Let us notice 
that: 

- Lower than those seen in Fig. [13] (but still larger than those shown in Figs. [5] 
and[8]) v^, 's and k's are allowed in Fig. [l7] since the constraint of Eq. ([50]) is not 
applied here. As k increases above 0.01 the mSUGRA corrections in Eq. ([TOt 
become more and more significant. 

- The constraint from the upper bound on A'^hi in Eq. ([57]) is very restrictive and 
almost overshadows this from the lower bound on A'^mi in Eq. ([49]) (which is 
applied, e.g., only in the upper left corner of the allowed region in Fig. [18]). 

- In contrast with the case (i), 0.005 < |as| ^ 0.01 holds only in a very limited 
part of the allowed regions. 
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n^=0.99 

n[=0.926 

m/H^=2.45 

^ — ■ N>^r 

N,,=NJ» 

a =-0.01 

a^=-0.005 

n'=0.958 



Figure 17: Allowed (lightly gray shaded) region in the k 



plane for standard FHI followed by MI 



realized by a field which acquires effective mass before MI. The conventions adopted for the various lines are 
also shown. 




n^=0.99 

n[=Q.926 

m/H^=2.45 

n' =N ™" 

HI* HI 

N =N 

HI* HI 

a =-0.01 

a^=-0.005 

n'=0.958 



Figure 18: Allowed regions in the k — rris/Hg plane for Nhi = N^i'' (dark gray ruled region) or Nm = 
Nhi* (lightly gray ruled region) and standard FHI followed by MI realized by a held which acquires effective 
mass before MI. The conventions adopted for the various lines are also shown. 
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Figure 19: Allowed (lightly gray shaded) region in the n — A^hi* plane for standard FHI followed by MI 
realized by a field which acquires effective mass before MI. The conventions adopted for the various lines are 
also shown. 




10' 10' 10' 

K 

Figure 20: Allowed (lightly gray shaded) region in the k — Nmi plane for standard FHI followed by MI 
realized by a Held which acquires effective mass before MI. The conventions adopted for the various lines are 
also shown. 
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Shifted FHI 


Smooth FHI 


v^/W^^ GeV 


0.926 0.958 0.99 
2.86 1.93 12 


v^/lO^^ GeV 


0.926 0.958 0.99 
2.86 3.3 4.61 


K 

a./lO^^ GeV 


U.UiUD U.UUDO U.io 

2.23 1.82 28.9 


ivig/o X iu '^ev 
aJ/W^^ GeV 


U.oiO i.UD i.DD 

22.18 25.73 32.8 


GeV 

-as/10-3 


2.38 1.65 8.95 
4.67 5.04 4.05 
10.85 17.1 16.3 
5.6 1.9 7.3 


^s/10^^ GeV 
cjf/10i6 GeV 

-as/10-3 


0.2 0.21 0.25 
13.43 14.8 18.4 
13.6 16.6 16.5 
9 6.7 7.6 


'^s/'f^s Imax 
^s/-^^s |min 


32.6 26 28 
2.03 2.3 2.45 
1.6 2.3 2.45 


'^s/ Hs\max 


30.3 27.4 27.6 
2.12 2.3 2.3 
1.94 2.3 2.3 



Table 5: Input and output parameters consistent with Eqs. {79]), ^3) and {47^ - (49l), ^57^ and 01> in the 
cases of shifted (Ms — 5 x 10^^ GeV) or smooth FHI for the nearest to Mqut and selected ris 's within 
the mSUGRA double inflationary scenario when the inffaton of MI acquires effective mass before MI. 



- For Us = 0.958, we obtain 0.0035 <k< 0.0085 and 0.77 < Vq/{W^^ GeV) 
< 0.85, or 0.08 < k < 0.14 and 0.96 < v^/iW^'^ GeV) < 1.08. Also 
0.002 < |as| < 0.01, 8.5 < A^hi* < 17.3, 34.3 > Nui > 26 and (1.4 - 
1.96) < rris/Hs < 2.35. So, the interesting solutions correspond to fast rather 
than slow-roll MI. 

• Shifted FHI. We list input and output parameters consistent with Eqs. (fT9l ). (|44l) and 
(l47l) - dllll, dST]) and for the nearest to Mgut and selected rig's in Tabled 
The values of come out again considerably larger than in the case of standard FHI. 
However, we take = Mgut only for rig = 0.926 since the satisfaction of Eq. (l57l) 
requires < Mgut [Vq > Mgut] for rig = 0.958 [rig = 0.99]. The closest to 
Mgut values of for rig = 0.958 and 0.99 are attained for A'^hi* = N^f-^ and so, 

'^s/'f^s |min — '^s/'f^s |max- 

• Smooth FHI. We display input and output parameters consistent with Eqs. ( [T9l) . (l44l) 
and (071) - ([491), ([ST]) and ([591) for the nearest to A^gut Vq ^'"^'^ selected rig's in the 
Table [5] The results aie quite similar to those for shifted FHI except for the fact that 
we have > Mgut for rig = 0.958 and 0.99 and that |ag| remains considerably 
enhanced. 
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5 Conclusions 

We reviewed the basic types (standard, shifted and smooth) of FHI in which the GUT break- 
ing v.e.v, Vfj, turns out to be comparable to SUSY GUT scale, Mqut- Indeed, confronting 
these models with the restrictions on P-jz* we obtain that v^^ turns out a little lower than 
Mgut for standard FHI whereas = Mqut is possible for shifted and smooth FHI. 
However, the predicted rig is just marginally consistent with the fitting of the WMAP3 data 
by the standard power-law ACDM cosmological model - if the horizon and flatness prob- 
lems of SBB are resolved exclusively by FHI. 

We showed that the results on Us can be reconciled with data if we consider one of the 
following scenaria: 

(i) FHI within qSUGRA. In this case, acceptable rig's can be obtained by appropriately 
restricting the parameter Cq involved in the quasi-canonical Kahler potential, with a con- 
venient sign. We paid special attention to the monotonicity of the inflationary potential 
which is crucial for the safe reahzation of FHI. Enforcing the monotonicity constraint, re- 
duction of rig below around 0.95 is prevented. Fixing in addition to its central value, we 
found that (i) relatively large k's but rather low v^^'s are required within standard FHI with 
0.013 < Cq < 0.03 and (ii) = Mqut is possible within smooth FHI with Cq ~ 0.0083 
but not within shifted FHI. 

(ii) FHI followed by MI. In this case, acceptable ng's can be obtained by appropriately 
restricting the number of e-foldings A^hi*- A residual number of e-foldings is produced by 
a bout of MI realized at an intermediate scale by a string modulus. We have taken into 
account extra restrictions on the parameters originating from: 

• The resolution of the horizon and flatness problems of SBB. 

• The requirements that FHI lasts long enough to generate the observed primordial 
fluctuations on all the cosmological scales and that these scales are not reprocessed 
by the subsequent MI. 

• The limit on the running of Ug. 

• The naturalness of MI. 

• The homogeneity of the present universe. 

• The complete randomization of the modulus if this remains massless before MI or its 
evolution before MI if it acquires effective mass. 

• The establishment of RD before the onset of NS. 

We discriminated two basic versions of this scenario, depending whether the modulus 
does or does not acquire effective mass before MI. We concluded that: 
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• If the modulus remains massless before MI, the combination of the randomization 
and NS constraints pushes the values of the inflationary plateau to relatively large 
values. Fixing Ug to its central value, we got (i) < A/qut and 10 < A^hi* ^ 21.7 
within the standard FHI, (ii) > Mqut and A'^hi* ~ 21 within shifted FHI and (iii) 

= Mgut and A'hi* — 18 within smooth FHI. In all cases, MI of the slow-roll 
type, with rUs/Hs ~ (0.6 — 0.8), and a mild (of the order of 0.01) tuning of the initial 
value of the modulus produces the necessary additional number of e-foldings. 

• If the modulus acquires effective mass before MI, lower values, than those encoun- 
tered in the case (i), of the inflationary plateau are available. Fixing Hs to its central 
value, we got (i) < Mqut and 8.5 < A'hi* ^ 17.5 within the standard FHI 
and (ii) < Mqut [Vq > Mqut] and A'hi* — 17 within shifted [smooth] FHI. 
In all cases, MI of the fast-roll type with nis/Hs ~ (1.4 — 2.45) and without any 
tuning of the initial value of the modulus produces the necessary additional number 
of e-foldings. However, FHI is constrained to be of short duration, producing a total 
number of e-foldings, A^hi ^ 17. This is rather questionable and can be evaded by 
introducing a more elaborated structure for the Kahler potential or superpotential of 
the modulus (see, e.g., Ref. ll34ll4Tl '). 

Trying to compare the proposed methods for the reduction of Hs within FHI, we can do 
the following comments: 

• The main advantage of the method in the case (i) is that the standard one-step in- 
flationary cosmological set-up remains intact. This method becomes rather attractive 
when the minimum-maximum structure of the inflationary potential is avoided. How- 
ever, the possible in this way decrease of rig is rather limited. 

• The method of the case (ii) offers a comfortable reduction of but it requires a more 
complicate cosmological set-up with advantages (dilution of gravitinos and defects) 
and disadvantages (complications with baryogenesis). The most natural and simple 
version of this scenario is realized when the modulus remains massless during FHI 
since it requires a very mild tuning. 

Hopefully, the proposed scenaria will be further probed by the measurements of the 
Planck satellite which is expected to give results on rig with an accuracy Arig ~ 0.01 by the 
end of the decade 1.46.1. 
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